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lial cells on films of enzymatically
synthesized poly(gallic acid) crosslinked to
carboxymethylcellulose†

Alejandra Romero-Montero,a Alberto Tecante,a Roeb Garćıa-Arrazola,a

Carmina Montiel,a Luis J. del Valle,b Jordi Puiggaĺıb and Miquel Gimeno*a

Poly(gallic acid), a novel polymer obtained by enzymatic polymerization of gallic acid, was successfully

cross-linked to carboxymethylcellulose using citric acid as a cross-linker. Non-woven sheets were

prepared with the resulting copolymer and their in vitro biocompatibility was assessed. The results on

the characterizations of the produced films by mechanical tests, water vapour permeability, contact

angle, and antioxidant activity by electronic paramagnetic resonance were adequate for skin tissue

regeneration. Films were also decomposed under physiological conditions using universal buffers at pH

3, 7 and 10. In vitro experiments with fibroblast-like and epithelial-like cells showed good adhesion and

proliferation onto the PGAL-co-CMC sheets. These non-woven sheets can consequently be considered

as novel biocompatible and biodegradable films with high-responsiveness for biomedical or tissue

engineering applications.
Introduction

The biomaterials composed of polymers from natural sources
found applications in tissue engineering owing to their good
biocompatibility, superior responses, few side effects and
reduction or even suppression of secondary treatments or
surgeries.1–5 Additionally, they are also studied in neurology,
medical imaging, bionic medicine, biomechanics or bio-nano-
technology.6 Generally, the improvement of the properties of
these biomaterials to meet the requirements for specic
biomedical application includes adequate mechanical proper-
ties, stability in aqueous environments, vapour barrier proper-
ties and cell biocompatibility, all these concomitantly with
synthetic reproducibility in the absence of toxic processes and
reagents.6,7 In this regard, the use of non-toxic carboxylic acids
as cross-linking agents between two or more polymer back-
bones, such as citric acid (CA), proved successful to render
tissue engineering materials with superior biocompatibility
compared to those derived from other cytotoxic crosslinkers,
such as glutaraldehyde or formaldehyde.8 Among the studied
polymers matrices, the approaches using the naturally abun-
dant cellulose and its derivatives are encouraging owing to their
Alimentos y Biotecnoloǵıa, Universidad
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low costs and availability in addition to good biocompatibility.
Specically, the water-soluble carboxymethyl celluloses (CMC)s
have multiple biomedical uses such as in heart, chest and
cornea surgeries in addition to orthopaedic and pharmaceutical
applications, among others.9,10

On the other hand, plant polyphenols have attracted wide
interest in the biomedical eld especially due to their radical
scavenging activities (RSA) and antimicrobial capacities. Free
radical species promote interaction within cells leading to
proteins, membrane and gene damage and additionally, the
oxidative stresses generated by the so-called radical oxygen
species (ROS) are involved not only in wound healing processes
but also in other several metabolic syndromes and inamma-
tory processes.11–13 Thus, the preparation of matrices with
antioxidant activity to protect cells and tissues from oxidative
damage has been achieved by incorporation of oxidant radical
scavenger molecules, e.g. water-soluble forms of vitamin B6
(pyridoxine, pyridoxal and pyridoxamine), and small poly-
phenols such as coumaric and caffeic acids.14,15 Nonetheless,
the characteristics in most of the natural polyphenol extracts,
specially their low molecular stability against temperature or
UV-irradiation, as well as high hydrophobicity or their limited
extractions in large quantities restricts their bioavailability and
processability; thereby their modications play an important
role to produce synthetic derivatives with adequate character-
istics and scale-up feasibility.16 Enzyme-mediated modications
offer environmentally favourable and mild process conditions
that resulted in non-toxic products.17,18 Glycosylation or esteri-
cation of plant antioxidants proved to be successful for these
purposes.19,20 Additionally, the oxidative polymerization of
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra00883j&domain=pdf&date_stamp=2017-03-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00883j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007029


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/1

8/
20

26
 4

:5
4:

14
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
phenols using oxidoreductases has been studied to attain novel
macromolecular structures and functionalities.21,22 We have
recently reported the laccase from Trametes versicolor-mediated
polymerization of the naturally abundant gallic acid (GA) in
mild process conditions to attain a novel electrically semi-
conducting poly(gallic acid) (PGAL).23 This polymer displays
a controlled molecular structure with phenyl–phenyl linkages
and number average molecular weight of ca. 7000 Da, which can
vary according to synthetic conditions, and importantly, this
enzymatically synthesized PGAL presents high water solubility,
which allows for innocuous processability. However, the rigidity
of PGAL did not allow for lm formation by itself. In the present
work, PGAL is crosslinked to CMC using CA as the cross-linking
agent by a non-toxic methodology.24,25 This novel material
(PGAL-co-CMC) displays adequate physicochemical character-
istics for tissue engineering. The antioxidant power of PGAL–
CMC lms was demonstrated by solid-state electronic para-
magnetic resonance (EPR) as well as the antimicrobial activity
for both PGAL and lms by the study of the inhibition of
common pathogen bacterial strains in hospitals. In order to
assess its potential as biomaterial for skin tissue regeneration,
the viability of epithelial cells were studied on the produced
PGAL-co-CMC lms.
Results and discussion
Synthesis and characterization of the produced PGAL-co-CMC
lms

A possible molecular structure of the target molecule is depicted
in Fig. 1 as the product of the reaction scheme. Noteworthy, both
polymers have more than one hydroxyl moieties for esterication
and CMC presents random methylation and carboxylation in its
repeat units. Therefore, the product molecular structures might
be several. The production of PGAL (Fig. 1) was conrmed by the
absence of signals in 1H-NMR spectra.

Additionally, it was conrmed by the broad FT-IR bands
between 3000 and 3400 cm�1 assigned to O–H stretching and
Fig. 1 Schematic representation of the cross-linking reaction
between PGAL and CMC with CA as cross-linking agent to a possible
molecular structure in product.

This journal is © The Royal Society of Chemistry 2017
the absence of characteristic C–O–C vibration band, as reported
elsewhere23 (see ESI data le 1 and 2† for 1H-NMR and FTIR
spectra for PGAL, respectively). SEC analyses for PGAL against
PEG standards displayed 6000 g mol�1 and the concentration of
saturation (Cs) in water for the synthesized molecule was
determined as 500 mg mL�1, which is worth to remark from the
standpoint of innocuous processability.26

The FT-IR spectrum for the PGAL-co-CMC (entry 3 in Table
1), shown in Fig. 2, is compared with those for PGAL, CA and
CMC, where expected bands for native polymers are observed.
The bands assigned to carbonyl moieties in AC are also present,
1700–1725 cm�1, which sustains the cross-linking.

Solid-state EPR in lms was implemented to detect the
signal of unpaired electrons in the “hyperne structure” owing
to the interaction of the magnetic momentum of any unpaired
electron and the vicinal nucleus with spin number different to
zero (Fig. 3). This method allowed non-bonding electrons to be
detected qualitatively through the magnetic excitation of the
phenolic –OH moieties. The obtained results were compared to
solid state EPR for PGAL measured under the same conditions.
The analyses display an intense signal for PGAL, which decays
for PGAL-co-CMC lms. This feature can be reasonably attrib-
uted to the decrease of free –OH moieties because of the cross-
linking, as shown in Fig. 3A and B, respectively.

The comparison between EPR spectra of lms points out that
the signal intensities are related to the PGAL feed. The decrease
in PGAL feed resulted in the decrease of the paramagnetic eld
intensities, most intense bands in Fig. 3B correspond to entries
7–9, intermediate to 4–6 and lowest intensity bands to 1–3 in
Table 1. Additionally, the intensity decreases as the Gly content
increases which might be ascribed to the interaction of the
plasticizer with the –OH moieties in the phenolic and CMC
repeat units.
Mechanical properties and degree of cross-linking of PGAL-co-
CMC lms

The data of maximum tensile strength at break and puncture as
well as Young's modulus for each of the formulations used in
the tensile test are shown in Table 1. Data clearly indicated that
PGAL and Gly concentrations had a signicant inuence on the
properties of the nal product. These results might suggest that
besides of the cross-linking, the semi crystalline CMC allows
generating ion-dipole and hydrogen bonding interactions
between its chains. However, keeping in mind that this poly-
phenol has exposed hydroxyl and carboxyl moieties in each
phenolic repeat unit, the dipole–dipole interactions might be
favoured, thereby improving the tensile strength. The density of
cross-linking of the polymer matrices in deionized water has
been studied as an indirect method to estimate the degree of
cross-linking as reported by Xing et al.27 The results shown in
Table 1 substantiate the effect of PGAL in the cross-linking
which can be ascribed to the pendant hydroxyl and carboxyl
moieties at the polyphenol backbone. Contrarily, control
experiments without PGAL addition, entries 10–12 in Table 1,
displayed poor bonding among CMC chains. This was also
evidenced when comparing the data of equilibrium swelling
RSC Adv., 2017, 7, 17660–17669 | 17661
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Table 1 Results for the mechanical analyses of PGAL-co-CMC films at different PGAL and Gly feed

Entry PGAL (%) Gly (%) sa (MPa)
Young's modulus
(MPa)

s

(puncture assay, MPa)
Thickness
(m) � 105

Cross-linking degreeb

(mol mL�1) � 103

1 5 2 3.92 � 0.33 23.06 � 3.56 42.34 � 2.24 1.2 � 0.1 9.3
2 5 3 7.78 � 0.74 14.40 � 0.75 44.12 � 2.26 1.3 � 0.3 9.3
3 5 4 14.23 � 0.35 11.32 � 0.83 47.44 � 1.46 1.2 � 0.2 9.8
4 10 2 7.86 � 0.54 21.67 � 1.25 43.40 � 2.89 1.1 � 0.2 10.8
5 10 3 7.51 � 0.58 10.50 � 0.40 47.68 � 0.82 1.3 � 0.2 10.1
6 10 4 28.40 � 0.36 9.46 � 0.76 65.85 � 3.70 1.2 � 0.3 11.1
7 15 2 12.80 � 0.69 19.22 � 1.46 45.44 � 1.40 1.4 � 0.1 19.1
8 15 3 12.22 � 0.31 9.82 � 0.60 63.24 � 1.63 1.3 � 0.3 19.2
9 15 4 31.02 � 2.89 5.85 � 0.28 75.83 � 0.25 1.4 � 0.2 17.8
10 0 2 8.99 � 0.79 6.44 � 0.61 39.54 � 2.35 1.2 � 0.1 1.3
11 0 3 14.73 � 1.11 4.88 � 0.41 41.15 � 1.34 1.2 � 0.2 1.1
12 0 4 17.65 � 0.99 3.91 � 0.26 43.80 � 2.49 1.3 � 0.1 1.5

a s true stress is related to Hencky strain in tensile and puncture test. b Cross-linking degree was calculated from Flory–Huggins polymer–solvent
interaction equation.
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View Article Online
ratio (Qm) and percentage of swelling among samples (see ESI
data le 4† for Qm and percentage of swelling for entries 1–12 in
Table 1 and a graphical representation of the swelling
percentage for each entry in Table 1).

Additionally, the strength at break is also affected by the
amount of plasticizer. The experimental evidence suggests that
the three hygroscopic compounds with high hydrogen-bonding
moieties might be advantageous in dermal regeneration
studies, where skin hydration is a crucial factor. The fracture
force, true stress, is inuenced together with the percentage of
PGAL and by the amount of Gly, although the highest contribu-
tion of the latter is 4 wt% to enhance the exibility. Therefore, the
increase in the amount of the plasticizer could decrease the
material strength by limiting the relatively weak intermolecular
interactions between chains.28 However, this is not observed in
PGAL-co-CMC, which might be ascribed to the cross-linking.

Regarding the Young's modulus, all formulations can be
classied as so materials according to ASTM standards. The
Fig. 2 Comparative FT-IR spectra for PGAL (a); CMC (b); AC (c); and
PGAL-co-CMC (d).

17662 | RSC Adv., 2017, 7, 17660–17669
data in Table 1 indicate that the presence of PGAL and plasti-
cizer tend to increase the elastic modulus. Non-cross-linked
polymers have a greater free volume and consequently more
freedom of movement. This condition could explain the
increase in exibility. Also, the plasticizer can contribute to
molecular mobility and therefore increase the exibility and
elongation at break. Control experiments without PGAL allowed
the separate effect of the polyphenol and plasticizer to be
observed. Therefore, it can be concluded that the increase in Gly
concentration results in more tolerance to stretching, i.e. more
capacity to withstand strain. This plasticizing effect can be
interpreted as an enhanced exibility (the measured elongation
for each entry in Table 1 is shown in ESI data le 5† to exemplify
both effects). On the other hand, the increase in PGAL
concentration resulted in higher tensile strength, regardless of
Gly concentration. This means lms with higher resistance to
Fig. 3 Solid state EPR spectra for PGAL (A); and for the PGAL-co-CMC
films (B). Decrease in PGAL feed decrease paramagnetic field inten-
sities. Control measurement without sample displays a flat continuous
line.

This journal is © The Royal Society of Chemistry 2017
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fracture. Noteworthy, Young's modulus is less sensitive to
changes in polyphenol and plasticizer concentration but indi-
cates the intrinsic elastic character or individual lms, below
their elastic limit.

The true stress to puncture for all formulations displays
a remarkable inuence of PGAL and Gly initial concentrations.
However, puncture and tensile strength are not comparable and
must be considered for each specic application of the lms.
For tissue engineering, specically in skin regeneration, the
elastic characteristics of our lms are superior to those of the
human skin, which Young's modulus varies between 4.2 � 105

Pa to 8.5 � 105 Pa for young and old human skin, respectively.29

Therefore, although the forces in human skin and that in our
mechanical analyses are not comparable, it can be concluded
that the material presents good qualities for application in
tissue engineering.
Table 2 WVP results for PGAL–CMC film samples upon ASTM and
Gennadios reported methodology24

Entries from Table 1 WVP � 1013 (g Pa�1 s�1 m�1)

1 ASTM 1.79 � 0.05
Gennadios test30 3.69 � 0.10

2 ASTM 3.31 � 0.13
Gennadios test 6.84 � 0.27
Thermal characterization

TGA analyses (ESI data le 2†) demonstrated the thermal
stability of the crosslinked polymers since an appreciable
degradation was only observed when the temperature was
higher than 200 �C. All samples showed an initial weight loss
that can be associated with the adsorbed water (i.e. note the
peak at 100 �C in the DTGA curve). This loss was always close to
10% and indicates a higher affinity of PGAL-co-CMC polymers
with water than PGAL (a loss of only to 5% was determined in
this case) which might be ascribed to the ratio of hydroxyl
groups in the repeat units. Decomposition of PGAL was char-
acterized by a complex mechanism that followed at least two
degradation steps with DTGA peaks at 230 and 320 �C and
rendered a very high char yield (49%) due to the high aromatic
content of PGAL. Crosslinked polymers showed also an inter-
mediate degradation process associated with CMC that
rendered an absolute and distinctive DTGA peak at 265 �C. Char
yield decreased for example to 12% for PGAL-co-CMC entry 9
and to 16% for entry 1, values that clearly contrasted with that
attained with the aromatic PGAL component alone. Decrease on
the char yield was logically observed when samples incorpo-
rated higher amounts of the volatile Gly component and had
a lower content of PGAL.

DSC heating runs showed that samples were amorphous,
displaying only a clear glass transition at temperatures near 0 �C
when the PGAL content was low (e.g. 5 wt%) (see ESI data le 2†
for TGA andDSC traces). This temperature slightly increased with
the PGAL content and was also inuenced by the incorporation of
the plasticizer Gly component. The highest value was logically
attained for the sample having maximum PGAL (i.e. 15 wt%) and
minimum Gly (i.e. 2 vol%) content, being the observed Tg
signicantly lower than the one observed for the PGAL homo-
polymer (i.e. 42 �C respect to 88 �C). The increase of the Gly
content to 4 vol% decreased the glass transition temperature to
25 �C. In this way, exible PGAL–CMC samples could be easily
prepared if an appropriate amount of Gly was incorporated.
Despite having a crosslinked structure, PGAL-co-CMC samples
were more exible than PGAL due to their lower aromatic content
and the incorporation of a small ratio of plasticizer molecules.
This journal is © The Royal Society of Chemistry 2017
WVP and contact angle analyses on PGAL-co-CMC lms

Two PGAL-co-CMC samples, entry 1 and 2 in Table 1 were
selected for the WVP analyses based on ASTM E-96 standard
calculations and the correction method proposed by Gennadios
in 1994,30 as shown in Table 2. The increase of Gly increases the
WVP in lms owing to the lowered intramolecular forces, which
in turn increases the free space and therefore allow water
molecules diffusion through the macromolecular structure.28

However, the results obtained differ from those reported for
linear polysaccharides and are in the order of magnitude of low-
density polyethylene and waxes at the same temperature and
humidity. This result suggests that cross-linking with PGAL
restricts the diffusion of water molecules throughout the lm.
Noteworthy, lms swelled and showed no weight gain while
placed in the humidity-controlled chamber (50% RH).

Fig. 4 shows the contact angle behaviour of PGAL–CMC
lms. The increase of PGAL tends to increase the contact angle,
which might be ascribed to the hygroscopic characteristics of
PGAL. Samples with the lower amount of PGAL (i.e. 5%) showed
similar contact angles to the CMC lm (16.5�). However, the
contact angle decreases by the increase in plasticizer, and this
was most noticeable when the concentration of PGAL was high
(i.e., 10% and 15%).

This behaviour points out that the plasticizer plays an
important role in the hydrophilic characteristics of the lms
(see ESI data le 3† for contact angle to glycerol and PGAL
relationships).
Hydrolytic degradation

The in vitro hydrolytic degradation of PGAL-co-CMC lms was
conducted at the physiological temperature (37 �C) and pHs of
3, 7 and 10 that were provided by the universal buffer consisting
of citrate-phosphate-borate/HCl solutions.31,32 The degradation
was studied in lm samples of entries 7, 8 and 9 in Table 1
owing to the highest content of PGAL thereby to assess its effect
compared to that for CMC, as reported elsewhere,33 and the
results are shown in Fig. 5. In all cases, the samples showed
a very fast weight loss at the beginning of exposure (i.e. 42–72%
aer only three days) and a subsequent moderate weight loss
between 7 and 15 days when a plateau was reached. Results
pointed out the rst process that involved the dissolution of the
excess of CA and the added Gly plasticizer as well as the
degradation and rapid dissolution of molecules with a low
degree of cross-linking. The differences observed between
samples with different Gly content aer three days of exposure
can be justied considering the dissolution of the plasticizer
RSC Adv., 2017, 7, 17660–17669 | 17663
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Fig. 4 Contact angle measurements on PGAL-co-CMC film sample
entries in Table 1. *p < 0.05 determined by ANOVA of means of
multiple comparisons by Tukey test.
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and the increase in the matrix hydrophilicity that facilitates the
diffusion of water molecules and degradation products through
the lms. Note that the weight loss at three days of exposure
clearly increased with the Gly content (e.g. 42, 52 and 62% for
entries 7, 8 and 9, respectively, for pH 3). Aer the indicated
three days of exposure, the degradation behaviour was still
dependent on the initial Gly feed, suggesting that some plasti-
cizer molecules remained in the lms due to the strong
hydrogen bonding interactions between CMC and PGAL back-
bones. Thus, the weight loss increased for the pH 3 medium
from 42 to 60%, 52 to 79% and 62 to 95% for 2, 3 and 4 vol% Gly
feed, respectively.
Fig. 5 Effect of pH in the hydrolytic degradation at 37 �C of the PGAL-
co-CMC films. (a) pH 3, (b) pH 7, and (c) pH 10. Symbols (-), (C) and
(:) corresponds to samples with PGAL/Gly vol% ratios of 15 : 2 (entry
7), 15 : 3 (entry 8) and 15 : 4 (entry 9), respectively.

17664 | RSC Adv., 2017, 7, 17660–17669
It is worth noting that the pH of the medium had a slight
inuence on the degradation behaviour despite the presence of
ionic COO� groups in PGAL and CMC. Logically, ionization
should inuence on the molecular solubility and molecular
conformation. In fact, it is well known that the conformation of
CMC depends on the pH of the medium forming dense aggre-
gates in solution at low pHs; i.e. below its pKa,33 while extended
chain conformations are favoured in the presence of carboxylate
ions. Data displayed in Fig. 5 also show that the main difference
between samples degraded at different pHs corresponds to the
initial dissolution, which is highest at pH 10.

Specically, weight losses increased up to 48, 59 and 72% for
entries 7, 8 and 9, which were samples loaded with 2, 3 and 4
vol% of Gly, respectively. Contrarily, weight losses attained aer
15 days were comparable when the pH was varied. For example,
60, 63 and 67% were determined for entry 7 at pHs 3, 7 and 10.
Noteworthy, the weight loss of these samples in the period
between 3 and 15 days was rather constant (i.e. 18, 20 and 19%
for pHs 3, 7 and 10, respectively). In summary, hydrolysis of
ester groups was not signicantly changed by pH to effectively
reduce cross-linking and render soluble fragments.

On the other hand, Fig. 6 shows different images taken
during the process of dissolution and hydrolytic degradation of
the lms.

Films prepared by solvent evaporation had a smooth and
homogeneous surface as depicted in Fig. 6a. At the beginning of
exposure to the hydrolytic medium (i.e. three days), the polymer
matrix was slightly swelled as revealed by the ampoules formed
on its surface and that can be clearly observed in the low
magnication images (Fig. 6b).

In addition, small surface erosions are observed at high
magnication (Fig. 6c). These became progressively deep and
giving rise to holes and cracks, while at low magnication,
a terrace structure derived from the hatching of the previously
indicated ampoules/bubbles can be detected. Finally, the
Fig. 6 SEM micrographs of PGAL-co-CMC film entry 9 in Table 1.
Initial sample (a) and after 3 days (b and c), 7 days (d and e) and 14 days
(f) of exposure to universal buffer pH 7 at 37 �C.

This journal is © The Royal Society of Chemistry 2017
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remaining material shows again a smooth surface with some
reminiscences of the terrace structure (Fig. 6f).

Effect of the PGAL-co-CMC lms in the bacterial growth

Fig. 7a shows the formation of bacterial growth inhibition halos
for samples with different composition and different bacterial
strains. This qualitative observation demonstrates the antibac-
terial activity against both Gram-positive (e.g. Staphylococcus
aureus and Enterococcus faecalis) and Gram-negative bacteria
(e.g., Escherichia coli and Pseudomonas aeruginosa). The quali-
tative assay showed scarce differences among the PGAL-co-CMC
lm samples with different PGAL content and more logically
between samples with different Gly content.

Quantitative measurements indicate that the antibacterial
effect is limited because the entire bacterial population was not
eliminated, even at the highest assayed concentration of PGAL
(1 mg mL�1). Results also showed two features concerning the
antibacterial action of PGAL; rst, the activity is only bacterio-
static because it reduces the population by 35 and 20% at 24 h of
culture (Fig. 7b) and around 30 and 15% at 48 h (Fig. 7c) for
Gram-positive and Gram-negative bacteria, respectively.
Second, the antibacterial activity has greater effectiveness
against the tested Gram-positive strains. The decrease in anti-
bacterial activity as the culture time progresses is consistent
Fig. 7 Inhibition of the bacterial growth. (a) Halos of inhibition
produced by the PGAL-co-CMC films. The samples named 1–9 cor-
responded to the entry in the Table 1, and GM is the gentamicin control
disk. (b and c) Growth inhibition by PGAL after 24 and 48 h of bacterial
culture (b and c, respectively). Symbols E. coli (-), P. aeruginosa (C),
E. faecalis (:) and S. aureus (;).

This journal is © The Royal Society of Chemistry 2017
with the decrease of the bioactive ingredient. Finally, the
diffusion on the agar plate could consider a concentration
smaller than 1 mg mL�1, and this would explain the similarity
of the sizes of the inhibition halos for all samples as shown in
Fig. 7a.
Cytotoxicity of PGAL and cell viability on PGAL-co-CMC lms

Fig. 8a displays the cytotoxicity experimental curves for PGAL,
which are characterized by a typical sigmoidal form. Curves
allow determining in the part of the linear slope, the cytotoxic
dose (LD50) that corresponds to the region of linear dependence
between cell viability percentage and PGAL concentration. This
dose varied in the 0.2–0.6mgmL�1 range for the different tested
cell lines except for MDCK epithelial-like cells that required
a remarkable higher dose (i.e. 1.1 mgmL�1). Interestingly, these
cells are characterized by their monolayer conguration and
consequently to a capability to form a protective cell barrier that
justies the relative higher dose needed to produce a cytotoxic
effect. Indeed, a usual dose is found when this cell barrier is lost
as it is for example the case of the SIAT cells derived fromMDCK
that had an LD50 value of 0.4 mg mL�1. It is also interesting to
compare the values obtained from epithelial lines derived from
prostate epithelium. Thus, the PNT2 line derived from a normal
tissue shows a higher LD50 (0.3 mgmL�1) than the PC-3 prostate
Fig. 8 Cytotoxicity curves of PGAL (a). Cell viability on films of PGAL-
co-CMC (50 mg mL�1), cells was evaluated at 96 h of culture (b).

RSC Adv., 2017, 7, 17660–17669 | 17665
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tumor line (0.2 mg mL�1). Finally, the Vero line, which is the
one that forms the most reduced cell barrier shows the lowest
LD50 (0.2 mg mL�1). On the other hand, a slightly higher LD50

(i.e. 0.6 mg mL�1) was determined for broblast type cells such
as Cos-1.

The viability of the seeded cells on different PGAL-co-CMC
(50 mg mL�1) lms is shown in Fig. 8b. The test was performed
considering PGAL contents of 5, 10 and 15 wt% with the
maximum load of the plasticizer, entries 3, 6 and 9 in Table 1,
respectively, to assess the effect of the PGAL contents. In all
cases, lms do not show cytotoxic effects on cells seeded on
their surface and led to viability entirely comparable with that
determined for the surface of the culture plate (TCPS) and also
to the CMC matrix used as a control. Thus, it is noteworthy that
a high viability aer 96 h of culture has been detected for all
tested cell line (e.g. epithelial-like MDCK, SIAT and Vero cells
and broblasts-like Cos-1 and Cos-7 cells).

The lack of toxicity of the studied samples implied also that
the weight loss detected during exposition of the studied
samples in the hydrolytic degradation media at pH 7 and 37 �C
mainly corresponds to soluble materials different than PGAL.
Note that the weight loss is around 50% for the indicated period
and the LD50 occurs at a concentration of 0.2–0.6 mgmL�1. Two
points were considered to establish this cultivation as a control
point. First, the kinetics of hydrolytic degradation at pH 7 and
37 �C, corresponding to conditions in which about 50% of the
weight loss of the material can occur and second, the LD50 of
PGAL occurs at a concentration of 0.2–0.6 mg mL�1. Thus in
theory, for a sample of approximately 50 mg cultured in 1 mL of
medium, the maximum release of PGAL would correspond to
a concentration of 1.25, 2.5 and 3.75 mg mL�1 for samples
having 5, 10 and 15 wt% of PGAL, respectively. These values
clearly exceeded the concentration corresponding to LD50,
demonstrating that most of PGAL was retained in the cross-
linked lm and the safety of the lms as substrates for cell
Fig. 9 Images of cell proliferation on films of PGAL-co-CMC. Vero cells
(epithelial-like cells) on the CMC film or control (a), and films of entry 3
(b), entry 6 (c), and entry 9 (d). Epithelial-like cells on (entry 9) films:
MDCK cells (e), and SIAT cells (f). Fibroblast-like cells on the films (entry
9) films: Cos-7 cells (g), and Cos-1 cells (h). Cells were stained with
trypan-blue and observed by optical microscopy (scale bar ¼ 20 mm).

17666 | RSC Adv., 2017, 7, 17660–17669
adhesion and growth. The morphology of the cultured cells on
the surface of the lms is shown in Fig. 9. As an example, the
monolayer arrangement of epithelial-type Vero cells is shown
on the surface of CMC (control, Fig. 9a) and on surfaces of the
studied PGAL-co-CMC lms (Fig. 9b–d). Other epithelial cell
lines such as MDCK and SIAT were also characterized by the
formation of monolayers on the surfaces of PGAL-co-CMC lms.
Finally, the distribution of more isolated cells on this surface is
shown for broblast cells such as Cos-1 and Cos-7.
Conclusions

The use of citric acid as a cross-linking agent made possible to
obtain a novel copolymer of PGAL and CMC. The experimental
evidence demonstrates that the PGAL-co-CMC lms are poten-
tial candidate biomaterials for skin tissue regeneration studies.
Skin cells were successfully grown on lms of this material. The
lms were non-toxic and presented antioxidant and antimi-
crobial properties, which are desired features in dermatological
and chirurgical elds. Further work toward the application of
these materials in skin tissue regeneration is in progress.
Experimental
Materials

LTV (lyophilized protein stored at �20 �C) was purchased to
Fluka (USA). Specic enzymatic activity was determined by the
2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
method; 50 mL of an aqueous enzyme solution (10 mg mL�1)
was added to 2.9 mL of ABTS solution (9.1 mM) in phosphate
buffer (pH 5, 100 mM). Solutions were measured spectropho-
tometrically in a Thermo Scientic Genesys 10S UV-vis (USA) at
405 nm (25 �C). Enzymatic activity unit (U) is dened as the
amount of protein required to oxidize 1.0 mmol of ABTS per
minute at 25 �C and pH ¼ 5 (E405 ABTS ¼ 36.8 M�1 cm�1). The
LTV used in this work presented a specic enzymatic activity of
2.35 U g�1. GA, ABTS, glycerol (Gly), DPXmountant for histology
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were supplied by
Sigma-Aldrich (USA). CMC (sodium salt) was supplied by Qúı-
mica Hércules SA de CV (Mexico). CA, calcium chloride,
monobasic sodium phosphate and sodium hydroxide were
acquired from JT Baker Mexico. Ethyl alcohol (technical grade,
>99%) was supplied by Qúımica Barsa SA de CV (Mexico).
Enzymatic synthesis of PGAL

PGAL was produced following the procedure described by López
et al. in 2013 with somemodications.23 In a typical experiment,
GA (8.5 g) was dissolved in 250 mL of acetate buffer (0.25 M, pH
¼ 5) with the addition of 20 mL of NaOH (2 M) in a 500 mL
three-necked round-bottom amber ask equipped with
a magnetic stirrer at 25 �C. Constant oxygen concentration was
kept by an Elite 800 air pump (Hagen Inc, Canada) and moni-
tored by an Apliens ez-DO sensor (Applikon, USA). Then, LTV
was added (26.5 U), and the reaction was stirred allowed to stir
at 25 �C for 24 h. Reaction contents were precipitated dropwise
into 2 L of cold ethanol (5 �C) under stirring, vacuum ltered
This journal is © The Royal Society of Chemistry 2017
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(0.45 mm) and dried in Stable temp Cole Palmer (USA) vacuum
oven connected to a Vacuubrand PC3 RZ 2.5 system at 10� 10�4

mbar at 50 �C for 2 h to give PGAL as powder in 96% yield.
Cross-linking of PGAL with CMC using CA

In a typical experiment; CMC (1 g) was dissolved in 50 mL of
water at 80 �C under stirring in a 100 mL round-bottom ask.
Then, experiments were conducted with different amounts of
PGAL; 5, 10 and 15 wt% with respect to CMC. Then, 6.5 �
10�3 mol (1.25 g) of CA and 30 mg of monobasic sodium
phosphate were added to the stirred solution and allowed to
react for 2 h at 80 �C. Gly was added in different proportions of
2, 3 and 4 vol% (wet basis) and stirred at 80 �C for further
15 min. Reaction contents were poured into polyethylene Petri
dishes (25 mL per sample) and dried at room temperature until
complete evaporation of the solvent. Films were removed from
the Petri dishes and neutralized to remove the excess of CA
before cell viability studies.
Chemical characterizations
1H-NMR spectra were recorded in a Varian MR-400 spectrom-
eter in D2O. FT-IR spectra of PGAL and PGAL-co-CMC lms were
acquired in a Perkin-Elmer ATR-FTIR Spectrum 400 instrument.
Size exclusion chromatography (SEC) measurements were con-
ducted in an Agilent 1210 series (USA) liquid chromatography
appliance equipped with an RID detector and a Ultrahydrogel-
500 (7.8 � 300 mm, Waters, USA) column eluted with deion-
ized water containing LiCl (0.1 M) mobile phase at 0.8 mL
min�1 and 30 �C. Standard narrow molecular weight poly-
ethylene glycol (PEG) was used for calibration for PGAL. Pul-
lulan standards were used for CMC. Samples were dissolved in
the mobile phase (1 mg mL�1) and ltered (0.45 mm) before
injection in the chromatographer. Solid state EPRs for PGAL
and PGAL–CMC lms were conducted in a Bruker EPR Elexsys
E500 spectroscope with PGAL (100 mg) or sections of PGAL-co-
CMC lms placed in a quartz tube a room temperature in the
80–4080 G range of magnetic eld and 9.8 � 109 Hz microwave
frequency.
Cross-linking density

Samples were allowed to swell in deionized water at room
temperature and the weight change was monitored until
swelling equilibrium volumes (Vs) aer 48 h by displacement of
pure toluene and measured in a pycnometer (Brand, Germany)
using eqn (1).27

Vs ¼ Wmt �Wt

rt
(1)

whereWmt is the weight of the swollen matrix plus the weight of
the pycnometer lled with toluene of density rt and Wt is the
weight of the pycnometer once the toluene was displaced by the
sample.

Then, equilibrium swelling ratio (Qm) was determined by
eqn (2).
This journal is © The Royal Society of Chemistry 2017
Qm ¼ Vs

Vp

¼ Vsrp

Wp

¼ 1

v2m
(2)

where Vp is the unswollenmatrix polymer volume,Wp and rp are
the anhydrous weight and density of the matrix polymer, and
v2m is the volume fraction of the matrix polymer at equilibrium
swelling.

The Flory–Huggins swelling equation for ionic polymer was
adapted for isotropic equilibrium swelling of an ionic or
amorphous crosslinked polymer hydrogel, thus adjusting for
crosslinked polymer in solution with eqn (3).

ve

Vo

¼ V1Dcj �
�
lnð1� v2mÞ þ v2m þ X1v2m

2
�

V1v2o

h
ðv2m=v2oÞ1=3 � ðv2m=2v2oÞ

i (3)

where ve/Vo represents the concentration of crosslinked active
chains designated as cross-linking degree. Dcj is the concen-
tration difference of mobile ions inside and outside the swollen
matrix, V1 is the molar volume of the solvent, X1 is the Flory–
Huggins polymer–solvent interaction parameter (dimension-
less) and v2o is the polymer volume fraction at network forma-
tion, i.e. at cross-linking in solution. Cross-linking degree was
calculated with, X1 ¼ 0.495, V1 ¼ 18 mL mol�1, experimental
values of v2m, estimated 0.1 for v2o and the approximated values
of Dcj around 0.7 � 10�5 mol mL�1.

Mechanical analyses of PGAL–CMC lms

All mechanical analyses were conducted and processed as spec-
ied in the American Society for Testing Materials Methods
(ASTM).34 Films were preconditioned before analyses by placing
them in a humidity-controlled chamber according to ASTMD618
method (50� 5%RH and 23� 2 �C) for 24 h. Then, the thickness
of lms was measured with a Cole-Parmer 08204-80 micrometer
at ve different and random points (4 at the perimeter and one in
the centre). Films were subjected to tensile, and puncture tests
using a SINTECH 1/S (MTS, USA) with a load cell of 100 N. Tensile
test was performed at room temperature following the ASTM
D882-97 standard. In a typical experiment; lms were cut into
samples of 1 cm wide by 8 cm long and clamped in the jaws to
a length of 5 cm. Samples were assessed at an extension rate of
150mmmin�1 to record the material's resistance to breaking. All
analyses were conducted by quintuplicate for each formulation.
Fracture force to puncture was determined according to the
method described by Gontard et al. in 2003,28 which species an
adjustment for polysaccharide-base matrices with the use of Gly
as the plasticizer. In a typical experiment; the preconditioned
lms were cut into circles of 10 cm in diameter, attached to
a metal ring and subjected to the force of a puncture in an area of
1.3 cm diameter at a descent rate of 50 mmmin�1. Samples were
analysed by quintuplicate for each formulation. Results reect
the average of 5 replicates (n ¼ 5 for each experiment). Control
experiments were identically carried out without the addition of
PGAL.

Water vapour permeability and contact angle measurements

Water vapour permeability (WVP) was determined gravimetri-
cally following the ASTM E96-00 standard, upon the
RSC Adv., 2017, 7, 17660–17669 | 17667
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transmission coefficient of water vapour by monitoring the
weight increase in time relative to moisture passing through the
lm. Films were cut and placed in pre-conditioned cells which
were lled with anhydrous calcium chloride (previously dried at
200 �C to ensure 0% RH) leaving an air gap of 0.5 cm on its
surface. Films were attached to an acrylic ring using four screws
placed symmetrically and a layer of silicone to maintain air
tightness. Aer placing the lm, the initial weight was recorded
and placed in a humidity-controlled chamber (50% RH and 22
�C). The humidity difference between the inside of the cell and
the chamber provided the driving force for the vapour to pass
through the lm toward the desiccant. Cells were removed every
24 h to record the weight gain in an analytical balance (Ohaus
Model GA200, Germany) with a precision of 0.0001 g for three
months. Analyses were done by quintuplicate for each formula-
tion and data were analysed according to the ASTM standard and
using a correction for hydrophilic materials (e.g. poly-
saccharides).30 Contact angles were measured at room tempera-
ture with sessile drops using an OCA-15 plus Contact Angle
Microscope (Dataphysics, USA) and SCA20 soware. Contact
angle values of the right and le sides of distilled water drops
were measured and averaged. Measurements were performed 5 s
aer the drop (1 mL) was deposited on the sample surface. All
data were an average of ten measurements on different surface
locations.
Hydrolytic degradation of lms

Polymer lm sections (1� 1 cm2) were employed for the different
degradation studies. In vitro hydrolytic degradation assays were
carried in universal buffers at pH 3, 7 and 10 at 37 �C and 70 �C.32

Samples were kept under orbital shaking in bottles lled with 5
mL of the degradation medium and sodium azide (0.03 wt%) to
prevent microbial growth for selected exposure times. Then,
samples were thoroughly rinsed with distilled water, dried to
constant weight under vacuum and stored over P4O10 before
analysis. Degradation studies were performed in triplicate and
the given data corresponded to the average values. Weight
retention (Wr) of the specimens was determined by the
percentage ratio of weight aer degradation (Wd) to initial weight
before degradation (W0) according to eqn (4).

Wr ¼ Wd

W0

� 100 (4)

Thermal characterizations

Calorimetric data were recorded by differential scanning calo-
rimetry (DSC) using a TA Instrument Q100 series equipped with
a refrigerated cooling system (RCS) operating from �90 to
550 �C. Experiments were performed under a ow of dry
nitrogen with a sample of z5 mg. The instrument was cali-
brated for temperature and heat of fusion using an indium
standard. Heating and cooling runs were carried out at a rate of
20 �C min�1 and 10 �C min�1, respectively. Thermal degrada-
tion was studied at a heating rate of 20 �C min�1 in a Q50
Thermogravimetric Analyzer (TGA) of TA Instruments with
ranged test temperatures from 0 to 600 �C.
17668 | RSC Adv., 2017, 7, 17660–17669
Antimicrobial tests

E. coli, P. aeruginosa, S. aureus and E. faecalis bacteria strains
(CECT, Valencia, Spain) were selected to evaluate the antimi-
crobial effect of PGAL and PGAL-co-CMC lms. Strains were
previously grown aerobically to exponential phase in broth
culture (5 g L�1 beef extract, 5 g L�1 NaCl, 10 g L�1 peptone, and
pH 7.2). Growth experiments were performed in sterile Eppen-
dorf microtubes. 1 mL of different concentrations of PGAL
prepared in culture medium was added into each microtube.
Then, 0.1 mL of broth culture containing 103 CFU was seeded
into the microtubes. Cultures were incubated at 37 �C and
agitated at 80 rpm. Aliquots of 50 mL were taken at pre-
determined time intervals for absorbance measurement at
650 nm in a microplate reader (Biochrom Ltd., UK). Turbidity
was directly related to bacterial growth. All assays were con-
ducted in six replicates and the values averaged. Regarding the
qualitative method, the culture medium was prepared with LB
agar and sterilized at 121 �C for 30 min in an autoclave. Plates
were lled with 15 mL of medium and kept at rest to solidify the
medium at room temperature. Agar diffusion plate were seeded
with 104 UFC mL�1 of each bacterium separately and using
a nylon swab, then the 1� 1 cm2 samples of PGAL-co-CMC lms
were placed onto agar surface. A commercial gentamicin (GM)
disc was used as a positive control. Inhibition halos images
were taken aer incubation of the plates for 24 h at 37 �C.
In vitro cytotoxicity and cell viabilities

Vero, PC-3, PNT2, MDCK, SIAT, Cos-7 and Cos-1 cells (ATCC,
USA) were cultured in Dulbecco's modied Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin, and 2 mM of L-glutamine at 37 �C in
a humidied atmosphere with 5% CO2 and 95% air. Culture
medium was changed every two days and, for subculture, cell
monolayers were rinsed with phosphate buffered saline (PBS)
and detached by incubation with trypsin EDTA (0.25%) at 37 �C
for 2–5 min. Cell concentration was determined by counting the
number of cells with a Neubauer chamber and employing 4%
trypan blue as a dye vital. Detached cells with viability $ 95%
were used for cell culture assays. To determine the cytotoxic
concentration (LD50) of PGAL, the viability and cell death
(mortality) were determined by different concentrations of
PGAL prepared by dilution in culture medium. PGAL cytotox-
icity was determined from 200 mL aliquots containing 104 cells
that were seeded in each well in a 96-wells culture plate and
cultured for 24 h to allow cell attachment to the plate. Aer-
ward, the medium was aspired and new samples were prepared
in half dilution by adding fresh culture medium. Cellular
viability was evaluated aer another 24 h of incubation and
determined by the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium; 5 mg mL�1) and then, the relative
viability was calculated for each sample as the percentage
quotient between the viability of the sample and the control
(medium without PGAL). Cytotoxicity was evaluated using ve
replicates and the results were averaged and graphically repre-
sented. For the proliferation assays on the PGAL-co-CMC lms,
the procedure was as follows; samples of 1 � 1 cm2 of the lms
This journal is © The Royal Society of Chemistry 2017
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were sterilized by exposure to UV light for 15 min. Samples were
then adhered using a small drop of silicone (Silbione® MED
ADH 4300 TRV, Bluestar Silicones France SAS, Lyon, France) in
the wells of a 24-well culture dish. Then, 1 mL of culture
medium was added and the samples were maintained for 24 h
under culture conditions to ensure adequate rehydration of the
lms. Mediumwas aspirated and the samples washed two times
with sterile PBS. Cells were seeded by depositing an aliquot of
100 mL containing 2 � 104 cells on the surface of the samples
(50 mg mL�1). The cultures were maintained for 96 h to allow
cell growth, and themedia were renewed every two days. Finally,
cell viability was determined by the MTT assay. Each sample
was evaluated using ve replicates and the results were averaged
and graphically represented. To obtain representative images
from proliferation assays, the samples were xed overnight with
formaldehyde 2.5% in PBS at 4 �C, and then washed ve times
with PBS. Samples were stained with 4% trypan-blue and the
excess of dye was removed by aqueous washings. Samples were
placed on a slide andmounted with a drop of DPX, then covered
with a cover slip and dried overnight prior to analyses in the
optical microscope.
Statistical analysis

Values were averaged and shown in tables and graphs, together
with their respective standard deviations. Statistical analysis
was performed by ANOVA test to compare the means of all
groups, and then Tukey's test was applied to determine
a statistically signicant difference between two groups. The
test condence level was set at 95% (p < 0.05) (OriginPro so-
ware, Microcal Corp., USA).
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